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SYMPOS IUM REVIEW

Lymphatic anatomy and biomechanics

Daniela Negrini and Andrea Moriondo

Department of Experimental and Clinical Biomedical Sciences, University of Insubria, 21100 Varese, Italy

Abstract Lymph formation is driven by hydraulic pressure gradients developing between the
interstitial tissue and the lumen of initial lymphatics. While in vessels equipped with lymphatic
smooth muscle cells these gradients are determined by well-synchronized spontaneous contra-
ctions of vessel segments, initial lymphatics devoid of smooth muscles rely on tissue motion to
form lymph and propel it along the network. Lymphatics supplying highly moving tissues, such as
skeletal muscle, diaphragm or thoracic tissues, undergo cyclic compression and expansion of their
lumen imposed by local stresses arising in the tissue as a consequence of cardiac and respiratory
activities. Active muscle contraction and not passive tissue displacement is required to support an
efficient lymphatic drainage, as suggested by the fact that the respiratory activity promotes lymph
formation during spontaneous, but not mechanical ventilation. The mechanical properties of the
lymphatic wall and of the surrounding tissue also play an important role in lymphatic function.
Modelling of stress distribution in the lymphatic wall suggests that compliant vessels behave as
reservoirs accommodating absorbed interstitial fluid, while lymphatics with stiffer walls, taking
advantage of a more efficient transmission of tissue stresses to the lymphatic lumen, propel fluid
through the lumen of the lymphatic circuit.
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Vascular and extravascular fluid compartments forces
cause a net filtration of fluid and solutes from the
microvasculature to the surrounding interstitium. Hypo-
volaemia and development of tissue oedema is prevented,
in most organs, by the lymphatic system that, in normal
conditions, efficiently removes excess interstitial fluid,
solutes and cells and returns them to the bloodstream, thus
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maintaining normal plasma and interstitial fluid volume
and solute concentration.

The lymphatic system is a closed network originating
from the interstitial tissue with the initial lymphatics, small
capillaries delimited by a discontinuous endothelium and
basement membrane offering low resistance to the passage
of fluid, hydrophilic molecules of any size, cells, viruses
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Figure 1. Arrangement of the diaphragmatic lymphatic
network
A, scanning electron photomicrograph of an elliptical lymphatic
stoma on the tendinous pleural surface of the rat diaphragm. The
stoma (S), delimited by a net border, opens at the confluence
between adjacent mesothelial cells (MC) characterized by a mesh of
microvilli protruding from the cell surface. B, semi-thin cross-section
of rat pleural hemi-diaphragm stained with crystal violet and basic
fuchsin showing the arrangement of the diaphragmatic lymphatic
network originating from the pleural mesothelial surface. Lymphatic
submesothelial lacunae located within the interstitial space beneath
the mesothelial layer are in continuity with transverse lymphatic
vessels (arrow) located in the deep interstitial space and running
perpendicularly to the lacunae and through the diaphragmatic
skeletal muscular fibres. C, semi-thin cross-section of rat entire
diaphragm stained with crystal violet and basic fuchsin, showing
both the pleural (PL) and the peritoneal (PE) mesothelial surfaces.
Transverse lymphatic vessels departing from the pleural and
peritoneal submesothelial lacunae empty into central lymphatic
collectors, located in the deep interstitial space, which receive the
lymph collected from both surfaces of the diaphragm.

and bacteria from the interstitial space into the lymphatic
lumen (Schmid-Schöenbein, 1990). Anchoring filaments
of collagen VII (Sakai et al. 1986; Keene et al. 1987)
connect the outer endothelial cell surface to matrix
fibres (Burgeson et al. 1990; Chen et al. 1997; Rousselle
et al. 1997), and allow mechanical transmission of tissue
forces to the lymphatic lumen. Lymphatic capillaries
are devoid of smooth muscle cells; however, actin-like
filaments have been observed within the endothelial
cells (Casley-Smith & Florey, 1961; Leak, 1970; Tsilibary
& Wissig, 1983; Castenholz, 1987). Initial lymphatics
merge into larger collecting lymphatics or collecting ducts
(diameter > 200 μm), characterized by a stratified wall
equipped with smooth muscle cells arranged in the media
externally to the endothelial cell layer and interspersed
with collagen and elastic fibres (Ohhashi et al. 1980; Reddy
& Staub, 1981).

In spite of the recognized importance of tissue
motion on lymph function, details of the mechanism
through which the tissue matrix contributes to lymph
formation and progression in initial lymphatics have
not been completely elucidated yet, due to difficulties
encountered in approaching the initial lymphatics ‘in
vivo’. A favourable experimental model to study this
issue is the lymphatic network supplying the parietal
pleura lining the thoracic wall, the intercostal muscles,
the mediastinum and the diaphragm (Miserocchi et al.
1982, 1989; Negrini et al. 1991, 1992). The pleural
lymphatic circuit departs from the pleural space through
the ‘stomata’ (Fig. 1A), discontinuities of the mesothelium
formed at the confluence between mesothelial cells (Wang,
1975, 1998; Negrini et al. 1991). The conduit network
is hierarchically organized in (a) submesothelial lacunae
(Fig. 1B), which receive the pleural fluid drained through
the stomata (Negrini et al. 1992; Grimaldi et al. 2006),
(b) transverse vessels, departing from the submesothelial
lacunae and running through the skeletal muscle fibres
(Fig. 1C), and (c) deeper lymphatic collectors (Fig. 1B
and C), which eventually convey the lymph outside the
diaphragm (Grimaldi et al. 2006). The endothelium of the
initial lymphatic lies in close proximity to extracellular
matrix fibres and skeletal muscle cells (Fig. 2A and B)
and is characterized by the presence of two types of
unidirectional valves. Primary valves (Fig. 3A) are formed
by cytoplasmic extension of adjacent endothelial cells
linked by tight junctions (Trzewik et al. 2001; Grimaldi
et al. 2006); they protrude into the lumen, forming a
funnel-like, unidirectional entrance which regulates fluid
entrance into the lumen (Galie & Spilker, 2009) and pre-
vents fluid back-flow. Intraluminar valves (Fig. 3B) consist
of two endothelial leaflets attached at opposite sites to
the lymph channel and connected with zonulae (Takada,
1971); they are regularly spaced along the network, from
small initial lymphatics to large collecting ducts. The
segment delimited by two consecutive intraluminar valves,
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Figure 2. Anatomical proximity of initial lymphatic lumen and interstitial fibrillar structures
A and B, transmission electron microphotographs of thin sections of rat diaphragm. Initial lymphatics run through
connective tissue composed of loose collagen fibres organized in bundles (b) adjacent to the skeletal muscular
fibres (c). These vessels are characterized by typical ultrastructural features: absence of smooth muscle fibres,
thin endothelial wall, discontinuous basal lamina, tight junctions or overlapping contacts and anchoring filaments
linking the endothelial cells to the adjacent collagen fibres and to muscle fibre sarcolemma. L, lymphatic lumen;
a, vascular capillary endothelium; b, collagen bundles; c, skeletal muscle fibres; d, lymphatic endothelium; e,
fibroblast.

or ‘lymphangion’, is considered the ‘functional unit’ of the
lymphatic vascular system.

In initial lymphatics, lymph flow (J lymph) through the
interendothelial junctions can be described (Granger et al.
1984) as:

J lymph = K lymph(P int − P lymph) = K lymph × �PTM (1)

where K lymph is lymphatic conductance, P int and P lymph are
the interstitial and lymphatic fluid pressure and �PTM the
transmural pressure gradient acting across the lymphatic

wall, respectively. Equation 1 implies that lymphatic
permeability is constant, a simplified assumption that
might be reconsidered in light of the evidence of an
outwardly directed and convectively coupled albumin flux
in mesenteric collecting lymphatics (Scallan & Huxley,
2010). This finding, contradicting the common belief
that lymphatics can only support absorption (Aukland
& Reed, 1993), also clearly indicates that further studies
on the regulation of initial and collecting vessel lymphatic
wall permeability, on the modulatory mechanisms and

Figure 3. Lymphatic unidirectional valves
A, transmission electron microphotographs
showing the primary unidirectional valves
(white arrowhead) in the wall of diaphragmatic
initial lymphatics located in the pleural
submesothelial interstitium. The valves are
formed at the junction between overlapping
cytoplasmic extensions of two adjacent
lymphatic endothelial cells (d) (reproduced from
Grimaldi et al. 2006). B, semi-thin sections of
transverse lymphatic ducts, showing a
unidirectional intraluminar, or secondary, valve
formed by two leaflets (arrowhead) attached at
opposite sides of the lymph channel wall. L,
lymphatic lumen; b, collagen bundles; M,
skeletal muscle fibres; d, lymphatic endothelium
(reproduced from Grimaldi et al. 2006).
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on the variability of the lymphatic networks supplying
different organs are needed to elucidate the complexity of
the lymphatic function.

J lymph directly depends upon P int, which in turn
reflects: (a) changes in local tissue stress elicited by
tissue movements and/or (b) increased interstitial fluid
volume. In vessels equipped with lymphatic smooth
muscle cells, �PTM is supported by spontaneous contr-
actions of the lymphangion wall (Mawhinney & Roddie,
1973; Zweifach & Prather, 1975; McHale & Roddie,
1976; Hargens & Zweifach, 1977; Ohhashi et al. 1980;
Benoit et al. 1989). In initial lymphatics devoid of
smooth muscles, �PTM is instead sustained, during
normal tissue hydration, by cyclic compression and
expansion of the lymphatic lumen caused by local
external tissue movements (Schmid-Schöenbein, 1990;
Aukland & Reed, 1993), such as those encountered in
thoracic tissues in relation to the cardiac and respiratory
activity. Cardiogenic oscillations of diaphragmatic P int

and P lymph (Fig. 4A), for example, depend upon:
(a) small displacements of lung parenchyma, pleural fluid
and diaphragm accompanying systolic/diastolic myo-
cardial volume changes, and (b) transmission of arterial
pressure waves along the walls of large thoracic arteries.
Respiratory-induced P int and P lymph changes have been
recorded (Fig. 4B) in intercostal tissue and lymphatics
during spontaneous inspiration (Moriondo et al. 2005),
a mechanically complex situation causing lung expansion
through: (a) contraction and shortening of external inter-
costal and diaphragmatic muscular fibres; (b) ribs and
diaphragm displacement and increased chest volume;

(c) decreased pleural liquid pressure. The average �PTM

(eqn (1)) developing across the initial lymphatic wall as a
result of cardiogenic or respiratory P int and P lymph swings
amounts to 4–10 mmHg, indicating the capability of tissue
motion to sustain, per se, local lymph formation in the
thoracic tissues (Negrini & Del Fabbro, 1999; Negrini
et al. 2004; Moriondo et al. 2005). In addition to their
direct mechanical role, tissue matrix macromolecules
might modulate local lymphatic function through active
matrix-related signalling pathways, similar to observations
in vascular wall cells (Davis et al. 2001; Hocking et al.
2008; Sun et al. 2008; Stratman et al. 2009; Rutkowski
et al. 2010). Interestingly, when neuromuscular trans-
mission is blocked in rats and they are mechanically
ventilated at zero end-expiratory alveolar pressure, average
�PTM is essentially nullified, indicating that active inter-
costal muscle contraction and not the change in chest
wall volume is required to support lymphatic function
(Fig. 4C).

For tissue displacements to generate pressure gradients
promoting lymph production and progression, local tissue
stresses must be transmitted to the lymphatic vessel
lumen and converted into intraluminar pressure waves. In
turn, force transmission is influenced by the mechanical
properties of the vessel wall, being more effective in
stiff compared to distensible structures. The mechanical
behaviour of diaphragmatic submesothelial lymphatics,
treated as cylindrical tubes with elastic walls, was analysed
by measuring the wall compliance, C lymph, in conditions
as close as possible to the physiological state (Moriondo
et al. 2010). The experiments delivered multiple sequential

Figure 4. Effect of cardiac and respiratory activity on interstitial (Pint) and lymphatic (Plymph) fluid
pressure
A, cardiogenic oscillations of diaphragmatic interstitial (b, Pint) and intraluminar lymphatic pressure (c, Plymph),
measured through the micropuncture technique in anaesthetized rats under neuromuscular blockade. Both
diaphragmatic Pint and Plymph oscillate almost in phase with arterial systemic pressure (a), shifting from a minimum
to a maximum value during cardiogenic oscillations (modified from Negrini et al. 2004). B and C, simultaneous
recording of respiratory tidal volume (VT, top panel), lymphatic (Plymph; continuous lines) and interstitial (Pint; dashed
lines) pressures obtained in intercostal lymphatics of supine anaesthetized rats during spontaneous breathing (B)
or mechanical ventilation at similar VT and at zero alveolar end-expiratory pressure (C) (modified from Moriondo
et al. 2005).
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injections of 4.6 nl of lissamine green-coloured saline
solution into a lymphatic segment lumen through an
injecting micropipette, while simultaneously recording
P lymph with another micropipette inserted in the same
vessel. As shown in the example of Fig. 5A, each
injection caused a sharp increase (�P lymph−peak) of base-
line P lymph to a transient peak pressure (P lymph−peak),
followed by a slow decay toward the pre-injection
value. C lymph was calculated as the slope of the
relationship obtained by plotting the cumulative injected
volume (V injected) as a function of the corresponding
P lymph−peak (Fig. 5B). The results revealed the existence
of a population of distensible, highly compliant
vessels (high-C lymph, H-C lymph = 6.7 ± 1.6 nl mmHg−1)
and, within the same submesothelial circuit, of another
population of significantly stiffer (low-C lymph, L-C lymph =
1.5 ± 0.4 nl mmHg−1) lymphatics. The investigated
vessels’ size and alignment with respect to the underlying
muscular fibres were relatively uniform, so that observed
H-C lymph and L-C lymph differences could not be ascribed
to vessel geometry. The C lymph variability might otherwise
depend upon (a) the stiffness of the mesothelium and of
the diaphragmatic muscular or tendinous tissue, and (b)
the relative percentage of compliant or stiff tissue in the
vessel wall. Indeed, the endothelium of the most superficial
diaphragmatic lymphatics is delimited almost entirely by
the mesothelium (Fig. 1A and B), while deeper vessels
within the same submesothelial circuit are surrounded
by the muscular and tendinous tissue over most of their
surface (Grimaldi et al. 2006).

The mechanical behaviour of the diaphragmatic tissue
was assessed by evaluating the elastic modulus of the tissue
(Et) at various strain levels. In excised preconditioned
diaphragmatic tissue strips exposed to standard stress
relaxation tests, the force applied to the strip and tissue
displacements were recorded and then processed to obtain
strains (ε) and stresses (σ). The step-wise test consisted of
four strain ramps, each 5% of the sample initial length,
at a velocity of 10% s−1, followed by stress relaxation to
equilibrium. Et was then calculated as:

E t = �σ

�ε
(2)

where �σ and �ε are the change of equilibrium stress
(i.e. at the end of stress relaxation) and variation of strain
between successive ramps, respectively.

On the assumption that lymphatics and diaphragmatic
tissue behave as linear isotropic materials, a finite element
model was applied to describe the mechanical response of
three diaphragmatic lymphatics distinguished on the basis
of different composition of their wall: (a) a superficial
one, laying over the muscular/tendinous diaphragmatic
plane, delimited almost entirely by the mesothelium
(Fig. 6A); (b) an ‘intermediate’ one, surrounded partly by

the mesothelium, and partly by stiffer muscular/tendinous
tissue (Fig. 6B), and (c) a deep one, completely immersed
in stiff tissue (Fig. 6C). Tissue stiffness was expressed by
its elastic modulus before failure (Et,f ), and C lymph was
calculated from the model (C lymph−M) as:

Clymph−M = �V

�PTM
= πrmin × rmax × l

�PTM
(3)

where �V is the lymphatic volume change for a given
�PTM, rmin and rmax are the smaller and greater average
vessel radii and l the vessel length for an average
�PTM of 10 mmHg. The modelling suggests that the
proportion of stiff tissue in the lymphatic vessel wall
does determine its mechanical properties. Indeed, the
C lymph (0.07 nl mmHg−1) of deep vessels surrounded by

Figure 5. Pressure–volume behaviour of submesothelial
diaphragmatic lymphatics
A, time course of Plymph from the pre-injection value at t = 0 and
during sequential injections of 4.6 nl of lissamine green saline
solution. At each injection Plymph sharply increases by �Plymph−peak
to attain a peak value followed by a slower Plymph decay to
pre-injection values (modified from Moriondo et al. 2010). B,
relationships obtained by pooling data from several measurements in
different diaphragmatic submesothelial vessels, where the
cumulative injected volume, V injected, is plotted as a function of
�Plymph−peak. The data points appear distributed in two distinct
populations characterized by a significantly (P < 0.05) different
C lymph amounting to 6.7 nl mmHg−1 (high compliance, H-C lymph)
and 1.5 nl mmHg−1 (low compliance, L-C lymph), respectively
(modified from Moriondo et al. 2010).

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



2932 D. Negrini and A. Moriondo J Physiol 589.12

stiff tissue (Fig. 6C) is up to ∼2 orders of magnitude
lower compared to submesothelial vessels mostly or
partly surrounded by compliant mesothelium (Fig. 6A
and B). In relaxed isolated mesenteric lymphatics C lymph

is intermediate (Zhang et al. 2007) between those
measured in submesothelial and deep diaphragmatic
vessels, suggesting that the smooth muscle cell layer may
not only sustain active lymphatic pumping, but also
provide a relatively stiff mechanical support to lymphatic
networks supplying soft tissues.

Wall stiffness also influences the distribution of
circumferential stresses in the vessel wall, represented
in Fig. 6 by colour shade and intensity. For a
given �PTM, higher tensile stresses develop in the
compliant wall of superficial (Fig. 6A) and of inter-
mediate lymphatics (Fig. 6B) at the edges between the
compliant mesothelium and the stiff tissue basement.
Lower wall tension, more homogeneously distributed over
the entire surface, develops in deeper, stiffer lymphatics
(Fig. 6C).

In conclusion, the mechanical properties of the tissue
environment may play a significant role in regulation of
initial lymphatic function. Vessels surrounded by loose,
compliant tissue may serve as distensible reservoirs of
drained interstitial fluid and privileged sites of lymph
formation. A fast and efficient transmission of tissue
forces to the vessel lumen might instead enhance lymph
progression/propulsion in vessels surrounded by stiff
tissue. Since muscular tissue stiffness increases during
contraction, in lymphatic vessels draining the skeletal
muscles, the heart or the diaphragm, lymph formation and
propulsion is guaranteed, even in the absence of lymphatic
smooth muscle cells, by tissue displacement. In contrast,
in lymphatics running through soft compliant tissues, a
well-developed layer of lymphatic smooth muscle cells
is required to generate (a) transmural pressure gradients
promoting lymph formation, (b) intraluminal pressure
waves propelling fluid through the conduits, and (c) phasic
changes of wall stiffness favouring filling of a compliant
lymphangion during smooth muscle relaxations and

Figure 6. Three-dimensional modelling of the lymphatic vessel wall
Stress distribution maps obtained through finite element modelling of diaphragmatic initial lymphatics located as
indicated on the microphotograph of the transverse section of the diaphragm, panel D. A, immediately beneath the
mesothelium: the ellipsoidal superficial vessel is limited mostly by a thin wall of lymphatic endothelium plus pleural
mesothelium and lies on a diaphragmatic muscular/tendinous support. B, deeper in the submesothelial tissue:
this intermediate vessel is only partially delimited by a thin wall, most of the lateral surface being surrounded by
the muscular/tendinous tissue. C, among the diaphragmatic muscular/tendinous fibres surrounded by an isotropic
tissue and with a circular cross sectional area (modified from Moriondo et al. 2010). The circumferential stress (σ )
distribution is identified by colours on a scale from red (low stress) to blue (high stress) as indicated by the colour
scale in C. Vessel tensile stress was higher in submesothelial superficial (A) and intermediate (B) vessels which
underwent the greatest deformation. In deeper circular vessels (C) surrounded by stiffer tissue, wall tension was
lower and homogeneously distributed over the entire surface.
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lymph propulsion along a stiffer vessel during muscle
contraction. Therefore, one cannot exclude that in the
critically ill patient, clinical conditions such as motor
weakness, neuromuscular block and/or disturbances of
smooth muscle contraction related to altered metabolism
of nitric oxide or other mediators, might impair the
lymphatic draining function, potentially leading to cardio-
vascular and respiratory disturbances which, ultimately,
further compromise the patient’s condition. Further
studies of tissue and lymphatic biomechanics, currently
little investigated, could aid prevention and treatment of
disturbed interstitial fluid exchange and oedema, which
are common problems in acute and chronic illness.
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